Abstract. This chapter addresses the problem of model-reference sliding mode control of uncertain linear multi-input-multi-output systems by output-feedback. After a brief revision of the main approaches and results available in the literature, a new method to solve the problem is presented using unit vectors as switching functions to induce sliding modes. It is named Unit Vector Model-Reference Adaptive Control (UV-MRAC).
Introduction
In real world applications, the model of a plant is often uncertain with respect to the system parameters, nonlinearities and disturbances. In order to guarantee stability and good performance of a control system even in the presence of significant uncertainty, robust and/or adaptive control schemes have been widely investigated in the last two decades.
A large number of works have used the Variable Structure Control (VSC) approach with sliding modes [39, 8] . Under ideal conditions, this technique can guarantee invariant system performance once sliding mode is attained. For this reason, some authors consider VSC as an adaptive control method [20, 17, 6, 7] . In this sense, the term adaptive is used in the present work. However, adaptation in this case is based on signal synthesis rather than parameter estimation.
A close approach to VSC is the nonlinear robust control design based on the Lyapunov method [16, 15] which relies on unit vector control (UVC) instead of the usual sign switching control of VSC. The common feature of these approaches is that they are directly or indirectly based on sliding modes.
Hence, in what follows, we will use the term sliding mode control (SMC) to refer either to one or the other.
The sliding mode is designed to occur on some manifold of the state space expressed by σ(x) = 0, where σ : R n → R m is some smooth function. To convey the main idea in a simple way, consider a linear plant given bẏ
x ∈ R n , u, y ∈ R m , and a plane given by σ(x) = Sx = 0. A necessary condition for the sliding mode to occur on Sx = 0 is rank(SB) = m, i.e., full rank. In other words, we say that the relative degree n * of the transfer function from u to σ must be one. This necessary condition is not a difficulty if the plant states are available. However, when only the plant output y is measurable, the condition applies also to the matrix K p = CB which must also be full rank, i.e., the plant transfer function must have relative degree one. Unfortunately, in many practical applications, this condition does not hold and the design of output-feedback VSC becomes a difficult problem, particularly when the plant is uncertain. One way to solve the problem is to use state observers.
State Observers in VSC
Owing to the practical difficulty of measuring all states, output-feedback strategies for VSC and SMC were developed [30, 33] . In this respect, a seminal paper is [4] where asymptotic observers were introduced in VSC to address a fundamental problem of SMC, namely, the realization of "ideal" sliding modes in practice. The key idea of [4] (see also [38] ) is to design the sliding modes in the observed state (x). The sliding manifold is given in terms of σ(x) = Sx, which has time derivativė
Now, the rank condition for the existence of the sliding mode applies to SB, i.e., S must be chosen so that SB has full rank. Note that σ is the auxiliary error which can be calculated for any S sincex is totally known. Then, ideal sliding is possible using asymptotic state observers, independently of the original relative degree of the plant transfer function G yu (s).
It is also worthwhile noting that G yu (s) is not required to be minimum phase. This requirement applies only to G σu (s) since the sliding motion is governed by the transmission zeros of G σu (s) [43] .
The main point is that the observer based system allows the existence of a linear transfer function with n * = 1 and stable transmission zeros closing a loop, called the ideal sliding loop (ISL), around the SMC block (discontinuous control), independently of the plant relative degree, as shown in Fig.1 . The existence of an ISL is necessary for the realization of ideal sliding modes.
